The combustion of carbon in a packing of casting powder has been investigated in an apparatus simulating the thermal conditions in the continuous casting mold. The temperature gradient was established along the powder column and air was admitted at its cold upper surface. After the reaction time the column was cooled to room temperature and the carbon profile was determined. The results show a strong variation of carbon content along the column with the original content still existing at the top, a pronounced carbon minimum in the middle and a second minimum at the bottom. A mathematical model was developed for the theoretical investigation of the combustion problem. It involves the solution of the rate equations for the chemical reactions and of the differential equations for heat flow, transport of gaseous species and continuity. The model produces carbon profiles in the packing and off-gas compositions which agree satisfactorily with those measured.
Introduction
Carbon is added to the casting powder as a means to control its melting characteristics. Upon heating, the carbon is eliminated via the combustion reactions. The important phenomena occurring during heating of the casting powder are explained in Fig. 1 . The temperature increases downwards in the flux layer. The powder added into the mold forms three main zones: a zone at the top consisting of loose powder, an intermediate sintered layer, and a liquid slag pool in contact with the steel. The combustion occurs in the loose powder zone and in the upper part of the sintered zone where the pores are still connected. The oxygen from the air enters at the surface of the packing and diffuses downwards. There is no combustion yet in the surface region because the temperature is too low (excluding formation of flames). Then, when the temperature is sufficiently high the combustion starts with formation of carbon dioxide. In the lower region where the temperature is high the carbon dioxide reacts with carbon to form carbon monoxide. The carbon monoxide diffuses upwards and reacts with counterdiffusing oxygen from the air, to form carbon dioxide. A mixture of carbon dioxide and carbon monoxide leaves the packing at the surface. Thus, the carbon combustion is complex and it is very important for the practical application that heating rate and reaction rates are in balance so that the carbon is removed from the powder on melting. Otherwise there will remain residual carbon in the liquid slag pool that can carburize the steel.
There are numerous laboratory studies of carbon combustion in casting powder. [1] [2] [3] [4] [5] [6] [7] Thermo-gravimetric 2, 4) and differential thermal analysis 1, 2, 4) have been applied. Small samples (mg scale) were used in heating experiments, [1] [2] [3] [4] or larger samples (g scale) were oxidized during holding at constant reaction temperature. 5, 6) In such experiments there is no temperature gradient within the powder. However, in real continuous casting conditions are more complicated because there is the temperature variation in the packing causing the internal combustion with several chemical reactions, depending on the local temperature, and diffusion of various gaseous species between the different temperature zones. It has been shown that in a temperature gradient car-bon profiles can develop within the powder packing with a pronounced minimum and maximum. 7) The present work refers to the upper part of the casting flux layer in the mold where it is still in the form of loose or slightly sintered powder. The carbon combustion was investigated from a fundamental point of view. Carefully controlled experiments were carried out, simulating the thermal conditions in continuous casting, and a theoretical model was developed for the quantitative treatment of the internal combustion kinetics. Figure 2 shows a schematic sketch of the experimental apparatus. It consists of a vertical tube furnace, a clear quartz reaction tube containing the powder with flat bottom of 3.81 cm outside diameter, 2 mm wall thickness and 10 cm height, and a super alloy rod which is inserted into the furnace to move the hot zone to the upper part. The quartz crucible rests on the rod and extends outside of the furnace so that the bottom of the powder column attains a high temperature (up to 1 000°C) and its upper surface a low temperature. In the experiment the furnace is heated to the desired temperature. Then the crucible, filled with powder to about 5 cm height, is placed on top of the super alloy rod. After the reaction time the crucible is removed from the rod and cooled to room temperature, and the carbon profile is determined.
Experimental Investigation

Experimental Technique
In several experiments the top end of the crucible was open to the surrounding air, Fig. 2(a) . But in part of the experiments it was intended to monitor the real time off-gas composition. For this purpose the quartz crucible is closed gas tight with a lid which has an inlet for air and an outlet for the off-gas, Fig. 2(b) . The air is taken from a cylinder. The off-gas first flows through a filter. Then it is passed through an electronic flow meter to measure its volume rate, then to the analyzer and finally into a gas hood. The contents of carbon dioxide and carbon monoxide are measured with the non-dispersive infrared method. The oxygen content is determined with an oxygen galvanic emf sensor.
The casting powder used in the experiments is a premelted powder. Its analysis as provided by the manufacturer is 47 mass% SiO 2 , 37 mass% CaO (total Ca as CaO), 0.3 mass% MgO, 4.5 mass% Al 2 O 3 , 0.08 mass% TiO 2 , 0.15 mass% Fe 2 O 3 , 10 mass% Na 2 O, 4.5 mass% F, 0.27 mass% K 2 O. The premelted powder was selected because it contains no carbonate. Therefore no superimposed effects of the carbonate decomposition reaction occur during the combustion of carbon. Also emission of other volatiles is minimized due to the prior melting. The sample is prepared by mixing the casting powder with 5 mass% graphite powder (also obtained from powder manufacturer) in a mixing machine. Figure 3 is the photo of a crucible with casting powder after heating one-directionally for 4 h. The temperature at the bottom was about 880°C. There is a variation of carbon content along the direction of heating as can be observed from the color, which changes from gray to white to dark gray and then to white again along the packing from the top to the bottom. This indicates that at the top of the packing (gray zone) the carbon content is high. In the middle part (white zone) almost all the carbon is combusted. Then there is an increase of carbon content (dark gray zone) and, finally, another combustion region exists at the bottom (white zone).
Experimental Results
The carbon content along the powder packing was analyzed with two methods. In the first method the volume fraction of carbon is measured on the basis of the gray scale analysis by using the image analysis software NIH Image.
8)
The color of the powder at the top of the packing where no combustion took place is taken as a reference standard (carbon content of 5 mass%ϭvolume fraction of 0.0141). Then by comparing the gray scale along the powder packing, the carbon profile as shown in Fig. 4 was obtained. This method is comparatively fast and allows a direct comparison to the modeling result.
In the second method the mass fraction of carbon is determined by thermo-gravimetric analysis. The powder is taken out from the reaction tube layerwise, approximately 1 g per layer. Then each layer is heated in air at 800°C for 40 min in a platinum crucible to combust the remaining carbon, and from the weight change the average carbon content of the layer is obtained. The result is shown in Fig. 5 .
Although the profiles obtained with the two methods have similar form, there is the feature that with the optical method the maximum (3) at the bottom is higher than the maximum (1) at the top, and with the gravimetric method the opposite is observed. This difference is caused by the density variation along the column. Hence, the increase of density (decrease of void fraction) in downward direction causes an increase of volume fraction of carbon compared to mass fraction. If the f C values are converted to g C values using the density-temperature function of the powder (Appendix), r C ϭ2.2 g cm Ϫ3 and the computed temperature profile (see next section) the g C profile in Fig. 5 is obtained with a higher bottom maximum, as in Fig. 4 .
From the examination of the samples after the experiment it was evident that there were no voids or cracks in the packing, and no noticeable gap between powder and crucible. Shrinkage had occurred uniformly and solely in height direction.* A radial change of color (carbon content) could neither be observed. Hence, it can be concluded that the combustion reactions and diffusion phenomena occurred uniformly over the cross section of the packing in the crucible and the resulting longitudinal carbon profile had essentially no radial variation.
Theoretical Model
Also the theoretical model applies to the upper part of the casting flux layer in the mold where it is still in the form of loose or slightly sintered powder, Fig. 1 , and it is used in the following to simulate the combustion phenomena in the laboratory experiments. It is assumed, in accordance with the conditions in the experiments, that the void fraction of the powder is uniform over the cross section of the packing (no channels with flames), that the heat flow and mass transport are one-dimensional, that the only reactions are The open dots represent the measured f C profile, the solid dots the g C profile as computed from f C using the densitytemperature function.
those associated with carbon combustion (no carbonate decomposition, no formation of other volatiles, no solid state reactions except sintering between oxides), that the powder composition is uniform (premelted powder) and that the pressure is constant throughout the system. The latter implies that momentum transport can be neglected. Hence, the equation of motion must not be solved. The longitudinal coordinate is denoted with z and has its origin at the bottom of the powder column (bottom of crucible). Hence, the temperature is highest at zϭ0 and decreases upwards. The upper surface of the column is at zϭH(t) and is exposed to air.
The basic governing equations of the system along with their initial and boundary conditions are as follows. The list of the symbols is given at the end of the paper.
Heat Flow Equation
The heat flow equation used has the form ............... (2) where
The velocities of the oxide and the carbon are set equal, v C ϭv ox . The effective thermal conductivity of the casting powder is assumed to follow the relation given by Russel 9) .... (3) where l gas is obtained from the kinetic theory of gases 10) and l solid is taken to be 2 W m Ϫ1 K Ϫ1 .
Conservation Equations for the Gaseous Species
The conservation equations for carbon dioxide, carbon monoxide, molecular oxygen and atomic oxygen contain, in addition to the usual terms, the source terms which are composed from the rate constants r of the chemical reactions involved. Neglecting thermal diffusion and using an effective binary diffusion coefficient in the ordinary diffusion fluxes yields the following expressions 5) ..... (6) ...... (7) .......... (8) where v g * is the molar average velocity of the gas phase (10) where D is the effective binary diffusivity of the homogenous gas phase.
10) The same common D (ϭD O 2 -N 2 ) was applied for all the species. From a previous study 6) it is known that the ratio g g /t between pore fraction and tortuosity decreases with increasing apparent density, that is the tortuosity increases with increasing apparent density. We used the function (11) where r s ϭ2.7 g cm Ϫ3 .
Continuity Equations
Continuity has to be fulfilled for each of the three phases (gas, carbon, oxide) involved. 
Sintering and Velocity of Solid Oxide
The gaseous fraction g g of the powder column (pore fraction) decreases during heat up due to sintering. Many empirical equations are available to describe the rate of isothermal sintering. 11, 12) We based the computation of g g on the equation The rate constant K s is deduced from the measurement of apparent density described in the Appendix. The apparent density r app is converted to gaseous fraction g g using 
Combustion Chemistry
The chemistry of carbon combustion within the powder packing is rather complex. There are two heterogeneous reactions, at low temperature formation of carbon dioxide according to The analytical expression for r 1 was deduced from an experimental investigation of carbon combustion in a casting powder packing in air. 5) There the reaction rate at 400°C was described with the equation (1Ϫ f ) 1Ϫa Ϫ1ϭkt where f is the fraction of carbon combusted. This equation is equiv- We used the data of Turkdogan and Vinters 14) for combustion of charcoal. However, it was not possible to derive unambiguous values for the three parameters k 1 , k 2 , k 3 from them. So we set k 3 ϭ0, as Turkdogan and Vinters did, and applied the following expressions 
...(28)
The exponent b is not known. We used bϭ1. Alternatively, the same value of a (ϭ1.87) could be taken.
The rate equations for reactions (21) and (22) are deduced from the rate laws listed in combustion texts. 13) There, the rate is in mol per cm 3 gas phase and s, and the rate constant is given as kϭA exp(ϪE/RT) with A being in mol, cm, s depending on the order of the reaction. For the application in the present model these rates are to be multiplied with 60g g to yield our r's in mol per cm 3 powder packing and min. Thus the following equations are obtained for r 3 The content of the catalyzing species is taken to be 13) x M 
Boundary Conditions
The initial and boundary condition are applied as tϭ0 for 0ՅzՅH (tϭ0) 
Solution Technique
Due to the shrinkage of the packing during heating, its top surface moves downwards. Consequently, in an equidistant z-grid, the top moves through grid points. This causes difficulties in the finite difference computation at the top surface. To avoid the problem, the z-t system was transformed into an h-t system without movement of the upper surface, by setting The transformed equations are discretized and solved using the finite difference method. The computational flow chart is given in Fig. 6 . The main difficulty was in the solution of the transport Eqs. (4) to (8) for the gaseous species, due to
) . the source terms containing the non-linear reaction rates r i . The explicit method would require very small time steps Dt (non-practical 10 Ϫ6 min). So, the heat flow equation is solved explicitly and the transport equations of the gas implicitly using the Newton-Raphson and LU decomposition method. Iteration is needed until convergence is obtained for the average gas velocity, reaction rates and concentration distributions.
Modeling Results and Comparison with the Experiments
The model was run to calculate the heating-combustion behavior of the 5 cm high packing of casting powder in air. Figure 7 shows the development of the temperature profile in the powder packing from the start of heating to 120 min. The temperature at the bottom of the reaction tube increases from 27°C to become stable around 885°C in about 25 min. The profile does not reach complete steady state even after 2 h because the top of the powder packing keeps shrinking (and the combustion keeps going). The process of shrinkage is evident in Fig. 8 .
The development of the carbon profile with time is given in Fig. 9, and Figs. 10 to 12 show the comparison between measured and computed profiles for the reaction times used in the experiments. There is very satisfactory agreement between the theoretical and experimental results, considering the inherent inaccuracies in the modeling of such complicated phenomena and in the experimental results. The figures demonstrate that the carbon minimum becomes more pronounced with increasing time, Figs. 10 and 11, and with increasing temperature at the bottom of the crucible, Figs. 10 and 12, as is to be expected. Figure 13 shows the off-gas analysis as a function of time, for the experiment with 120 min total time and 885°C final bottom temperature (final carbon profile in Fig. 10 ). Both the carbon dioxide and carbon monoxide contents are low (smaller than 1 vol%), but the content of carbon dioxide is about three times larger than that of carbon monoxide over most of the reaction time. The maxima on the measured curves at about 50 min are possibly caused by an increase of diffusivity with decreasing carbon content due to a decrease of tortuosity. Such an effect is not taken into account in the model. Figures 14 and 15 show the computed profiles of gas composition together with the carbon profiles, and the corresponding temperature profile together with reaction rate profiles for a time of 120 min. The reason for the shape of the various profiles is as follows. Oxygen from the air penetrates into the powder packing at the top surface but does not react yet according to reaction (19) since the temperature is low (r 1 in Fig. 15 is practically zero) . That is oxygen and carbon monoxide coexist, and no carbon combustion takes place. Thus the carbon content stays unchanged. At some depth where the temperature is high enough reaction (19) starts and carbon is combusted with oxygen to carbon dioxide. Thus, the first minimum of carbon content develops (zone 2). Still deeper all the oxygen is consumed and both the carbon dioxide and r 1 obtain a maximum, but carbon dioxide does not oxidize carbon yet because the temperature is too low (r 2 is practically zero). Hence, no combustion takes place and the carbon content stays high (zone 3). Part of the carbon dioxide diffuses downwards to the bottom part of the column where the temperature is high enough for the Boudouard reaction (20). So, carbon starts to combust there by carbon dioxide and the second carbon minimum develops (zone 4). Rate r 2 has its maximum at the bottom where the temperature is highest. The carbon monoxide formed by the Boudouard reaction diffuses upwards and combusts with oxygen in the upper part of the column according to reaction (21) and (22). Some of it leaves the powder at the top.
Summary and Conclusions
The combustion of carbon in a packing of casting powder has been investigated under thermal conditions similar as in continuous casting. In the experimental part of the study powder samples of about 5 cm height were heated one-dimensionally in a heating apparatus with the top of the sample being at low temperature and exposed to air. After the reaction the carbon content was determined along the powder column. A characteristic profile had developed with two carbon minima, one in the region of moderate temperature (ϳ500°C), caused by combustion with oxygen, and the other in the region of elevated temperature (Ͼ750°C), due to combustion with carbon dioxide. It is interesting that the high temperature minimum did not reach zero carbon content. This may also happen in the real continuous casting mold. That is residual carbon may still be present on sintering which then enters into the slag pool causing carbon pick up of the steel. The mathematical model was developed for the interpretation of the experimental results. It involves the solution of the rate equations for four combustion reactions and of the differential equations for heat and mass transport. The theoretical results confirm the measured carbon profiles and off-gas compositions.
The model describes adequately the phenomena in the upper part of the powder packing in the mold where the powder is still loose, or slightly sintered but still has interconnected pores. It may be applied also to the deeper zones where melting commences provided that sintering and melting occurs uniformly without formation of holes and large slag globules. This is the case for premelted powders. 4 ) Also a two-or three-dimensional fluid flow model for the pool region may be added for the treatment of the slag transport to the gap at the mold faces so that a complete model becomes available for monitoring the behavior of the casting powder on heating and melting, and its consumption during the continuous casting process.
Nomenclature
c i , c g : Concentration of individual gas species and of gas (mol cm (1) , K (2) , K (3) , K (4) 
